[1] Numerical experiments are conducted to investigate how axial winds affect stratification and circulation in the partially mixed estuary of Chesapeake Bay. In the absence of rotational effects, stratification in the estuary decreases following both down-estuary and up-estuary winds, but stratification experiences larger reduction and takes longer to recover under up-estuary winds. In the presence of rotational effects, wind-driven lateral circulations cause the lateral straining of density field and weaken the shear in the along-channel flows. Under the down-estuary winds, a counterclockwise lateral circulation steepens isopycnals in the cross-channel sections, while the Coriolis force acting on it decelerates the downwind current in the surface layer and the upwind-directed current in the bottom layer. Under the up-estuary winds, a clockwise lateral circulation flattens isopycnals in the cross-channel sections and reduces the shear between the surface and bottom currents. Hence, in the presence of rotational effects, the lateral straining offsets the effects of longitudinal straining such that the asymmetry in stratification reduction is significantly reduced between the down-estuary and up-estuary winds. Regime diagrams based on Wedderburn (W) and Kelvin (Ke) numbers are constructed to summarize the net effects of winds on estuarine stratification during both wind perturbation and postwind adjustment periods.
Introduction
[2] Most of the research in estuarine dynamics has focused on the effects of tides. Relatively little attention has been paid to the role of winds in estuarine circulation, despite early predictions of first-order effects [Bowden, 1953; Rattray and Hansen, 1962] and observational evidence of strong wind driven flows [e.g., Wang, 1979a Wang, , 1979b Goodrich et al., 1987; Wong and Moses-Hall, 1998; Wong and Valle-Levinson, 2002] . Recent studies have suggested that wind effects are not limited to mixing in the vertical direction. Since estuaries typically have strong horizontal density gradients, wind-driven currents can significantly alter estuarine stratification through the straining of density field.
[3] North et al. [2004] and Scully et al. [2005] observed stratification and exchange flows that increased during moderate down-estuary winds but decreased during moderate up-estuary winds. Scully et al. [2005] proposed a wind straining mechanism analogous to Simpson's tidal straining: down-estuary wind enhances subtidal vertical shear and strains the along-channel density gradient to increase stratification; up-estuary wind reduces or even reverses the vertical shear, thus reducing stratification. Wilson et al. [2008] and O'Donnell et al. [2008] suggested that alongchannel wind straining regulates stratification and turbulent mixing, thereby influencing the flux of oxygen into hypoxic regions of western Long Island Sound.
[4] Using a numerical model of an idealized estuarine channel featuring a triangular cross section, found that the net effect of winds on estuarine stratification depends on the competition between wind-driven mixing and wind-induced straining: moderate down-estuary winds enhance estuarine stratification whereas strong down-estuary winds and all up-estuary winds reduce stratification. They proposed a hypothetical diagram to classify the wind effects on estuarine stratification and suggested that the Wedderburn number and the ratio of the surface mixed layer to the water depth are two important nondimensional parameters. How do the results from this idealized estuary apply to real estuaries with complex bathymetry? The Chesapeake Bay features broad shallow shoals and a narrow, deep center channel. What will be the net effects of wind-induced mixing and straining? did not consider the effects of Coriolis force in their modeling study. The width of Chesapeake Bay and other similar estuaries is comparable to or larger than the internal Rossby radius of deformation. How does the Earth's rotation affect the estuarine response to wind forcing?
[5] The response of wind-driven circulation in the alongchannel direction has previously been interpreted in terms of 1 the competition between the wind stress and barotropic pressure gradient due to sea level setup [Wang, 1979b; Garvine, 1985; Chuang and Boicourt, 1989; Janzen and Wong, 2002] . While this two-layer theory seems well established, a number of studies in Chesapeake Bay have shown that along-channel winds can drive strong lateral Ekman flows and isopycnal movements, generating upwelling/ downwelling at shallow shoals [Malone et al., 1986; Sanford et al., 1990; Scully, 2010] . The lateral flows can interact with cross-channel density gradient in a way analogous to the straining of density field in the along-channel direction. Without wind forcing, a freshwater plume hugs the western shore as it moves seaward and isopycnals tilt downward on the western side of a cross-channel section. Southward (down-estuary) winds generate downwelling on the western shore and may tilt the isopycnals toward the vertical direction, reducing stratification. On the other hand, moderate northward (up-estuary) winds may flatten isopycnals in cross-channel sections, enhancing stratification in the water column. These lateral processes may offset the effects of wind-driven straining in the along-channel direction. Moreover, recent modeling investigations of secondary flows in tidally driven estuaries have shown that lateral advection can be of first-order importance in the along-channel momentum balance [Lerczak and Geyer, 2004; Scully et al., 2009] . It is likely that wind-driven lateral circulations will also affect the dynamics and structure of along-channel flows, thereby indirectly affecting the density straining in the longitudinal direction.
[6] Several recent papers have investigated the dynamics and effects of wind-driven lateral circulations. In the absence of rotational effects, showed that differential advection of the axial salinity gradient by wind-driven axial flow drives bottom-divergent/convergent lateral circulation during down-estuary/up-estuary winds. In an idealized rotating basin, Reyes-Hernández and Valle- Levinson [2010] explored wind modifications on the lateral structure of density-driven flow. Guo and Valle-Levinson [2008] examined how winds affect the lateral structure of density-driven circulation in Chesapeake Bay. Using a simplified oxygen model, Scully [2010] investigated wind-driven ventilation of hypoxic waters in Chesapeake Bay and found that northward winds were most effective at supplying oxygen to hypoxic regions whereas eastward winds were least effective. These interesting papers motivate the current research which is directed at understanding how wind-driven along-channel and cross-channel flows affect the stratification response in the partially mixed estuary of Chesapeake Bay.
[7] The plan for this paper is as follows. Section 2 describes model configuration and the design of numerical experiments. In section 3 we analyze the estuary's response to down-estuary and up-estuary wind events in a nonrotating system. In section 4 we investigate how the Coriolis force and wind-driven lateral circulations affect the density stratification. Regime diagrams are constructed to summarize the wind effects on stratification in section 5. Finally, conclusions are made in section 6.
Model Description
[8] A 3-D hydrodynamic model based on the Regional Ocean Modeling System (ROMS) has been developed for Chesapeake Bay and validated against observational data [Li et al., 2005 [Li et al., , 2007 Li and Zhong, 2009; Zhong and Li, 2006; Zhong et al., 2008] . We use this model to investigate the effects of winds on the circulation and stratification in Chesapeake Bay.
[9] The model domain includes eight major tributaries and a part of the coastal ocean to facilitate free exchange across the bay mouth (Figure 1 ). The total number of grid points is 120 Â 80. The model has 20 layers in the vertical direction. A quadratic stress is exerted at the bed, assuming that the bottom boundary layer is logarithmic over a roughness height of 0.5 mm. The vertical eddy viscosity and diffusivity are computed using the k-kl turbulence closure scheme [Warner et al., 2005] with the background diffusivity and viscosity set at 10 À5 m 2 s À1 . Coefficients of horizontal eddy viscosity and diffusivity are set to 1 m 2 s À1 , which produce little dissipation of the resolved flow energy [Zhong and Li, 2006] . The model is forced by sea level fluctuations, temperature and salinity at the open ocean boundary, by freshwater inflows at river heads and by winds across the water surface. The open-ocean boundary condition for the barotropic component consists of Chapman's condition for surface elevation and Flather's condition for barotropic velocity. The boundary condition for the baroclinic component includes an Orlanski-type radiation condition for baroclinic velocity. To deal with both inward and outward scalar fluxes across the open boundary, we use a combination of radiation condition and nudging (with a relaxation time scale of 1 day) for temperature and salinity [Marchesiello et al., 2001] .
[10] We focus on winds in the along-channel (southnorth) direction since winds in the cross-channel (east-west) direction have short fetches. Weather systems passing over the Chesapeake Bay have typical periods of 2 to 5 days [Wang, 1979a] . In this study, we impose a spatially uniform wind forcing,
where t W is the along-channel wind stress, t is the time (days), w ¼ 2p 5day is the frequency of the wind forcing, and A is the peak wind stress. We study both down-estuary (southward) and up-estuary (northward) winds: positive t W corresponds to up-estuary winds. The maximum wind stress magnitude A ranges from 0.005 to 0.25 Pa, with the corresponding range of 2.35 to 12.27 m s À1 for the wind speed (Table 1) . To further simplify the model setup, we fix the total river discharge into the bay at a long-term average of 1500 m 3 s À1 and distribute it to eight major tributaries according to observations: Susquehanna (51%), Patapsco (3.67%), Patuxent (3.67%), Potomac (18%), Rappahannock (4%), York (2%), James (14%), and Choptank (3.67%) [cf., Guo and Valle-Levinson, 2008] . We only consider tidal forcing at the dominant M 2 frequency and fix salinity at 30 psu and temperature at 15°C at the offshore open boundary. To spin up the hydrodynamic model, we run it without wind forcing for 3 years so that the estuarine circulation in the bay reaches a steady state. The model is then forced with along-channel winds of different magnitudes and directions. In order to examine possible long-term impacts, the model is run for additional 70 days after each wind event.
Longitudinal Straining and Stratification Asymmetry
[11] Using a numerical model of an idealized estuarine channel featuring a triangular cross section, found that the net effect of winds on estuarine stratification depends on the competition between wind-driven mixing and wind-induced straining: moderate down-estuary winds enhance estuarine stratification whereas strong downestuary winds and all up-estuary winds reduce stratification. Does this result apply to Chesapeake Bay?
[12] We can gauge the relative importance of wind forcing by calculating the Wedderburn number [Monismith, 1986; Geyer, 1997; 
where L is the length of an estuary, Dr is the horizontal density difference, g is the gravitational acceleration, and H is the mean water depth. Assuming H = 9 m and estimating Dr over the distance L between 37.2°N and 38.9°N, we find that W in Chesapeake Bay varies from $1 to 6 for wind speeds ranging 5 $ 10 m s À1 (see Table 1 ). Therefore, winds will significantly modify the estuarine circulation and stratification in the bay.
[13] Figure 2 shows a comparison of current and salinity fields among three runs: Run 1 (no wind forcing, W = 0), Run 7 (down-estuary wind with the peak wind stress at 0.07 Pa, W = À2.79), and Run 15 (up-estuary wind with the same peak stress, W = 2.56) ( Table 1) . We apply a 34 h lowpass filter to remove tidal oscillations. In the absence of wind forcing, the estuary is characterized by the two-layer gravitational circulation with sloping isohalines in the along-channel section (Figures 2d and 2e ). The tidally averaged residual flows are on the order of 0.1 m s À1 . Vertical salinity differences of 4 $ 6 psu stratify the water column. Strong turbulent mixing (i.e., eddy diffusivity > 10 À4 m 2 s À1 ) is mainly confined to the tidally driven bottom boundary layer ( Figure 2f ).
[14] When the down-estuary wind is applied over the bay, it drives a seaward directed current in the surface layer and causes a sea level depression at the bay's head. The associated pressure gradient subsequently drives a return flow in the bottom layer. Hence the down-estuary wind drives a two-layer baroclinic circulation in the stratified water, reinforcing the gravitational circulation ( Figure 2a) . As a result, low-salinity surface water tends to spread further downstream and high-salinity bottom water intrudes farther upstream. This would sharpen the vertical salinity gradient. However, the wind also produces strong mixing in the surface layer ( Figure 2c ) and erases the stratification there. As shown in the comparison between Figures 2b and 2e, stratification in Run 7 is still weaker than in Run 1 since mixing overpowers straining effect.
[15] When the wind blows up-estuary (Run 15), it drives a two-layer circulation that opposes the gravitational circulation (Figure 2g ). At the peak wind, the sense of the circulation is completely reversed: landward flow in the surface layer and seaward flow in the bottom layer. This shear flow moves heavier water over lighter water and steepens the isopycnals. Both the along-channel straining and wind mixing work in concert to destabilize the water column (Figures 2h and 2i) . As a result, there is a larger reduction in stratification in Run 15 than in Run 7.
[16] To understand how the down-estuary and up-estuary winds affect the salinity distribution in the estuary, we Figure 2 . Along-channel distributions of (a, d, g) subtidal currents, (b, e, h) salinity, and (c, f, i) the logarithm of eddy diffusivity at the time of peak wind stress for Run 7 (down-estuary wind), Run 1 (no wind), and Run 15 (up-estuary wind). Coriolis force is switched off in these runs. The 14 psu isohalines are marked as thick lines.
analyze the salt flux through a midbay section (location indicated in Figure 1a ) and decompose it as
where u is the velocity component orthogonal to the cross section, S is salinity, h is the local depth, z is the instantaneous sea level, and s, y are vertically stretched s coordinate and horizontal coordinate in the cross-channel direction [Lerczak et al., 2006; . The velocity and salinity are decomposed into tidally and crosssectionally averaged (u 0 , S 0 ), tidally averaged but crosssectionally varying (u E , S E ), and tidally and cross-sectionally varying (u T , S T ) component, respectively. The resultant salt flux consists of three terms: ÀQ f S 0 includes the riverinduced salt loss and wind-induced barotropic adjustment; F E results from shear dispersion due to estuarine exchange flow; and F T represents tidal oscillatory salt flux. Because tides in Chesapeake Bay are relatively weak, the tidal oscillatory salt flux F T is small (F T /F E ≈ 0.01 at this section).
Since F E is the product of subtidal exchange flow and subtidal salinity variability, it is closely related to the stratification change in the estuary: the estuarine stratification increases when F E > 0 and decreases when F E < 0.
[17] The down-estuary wind initially produces a seaward directed barotropic current that drives the water and salt out of estuary, as shown in Figure 3a . Subsequently, the sea level depression at the head drives a landward flow which advects salt back to the estuary. More importantly, the salt flux due to shear dispersion F E doubles during the down-estuary wind event, with the peak value reaching 3.44 Â 10 4 kg s À1 as compared with the prewind value of 1.71 Â 10 4 kg s
À1
( Figure 3b ). This corresponds to an amplification of subtidal velocity shear (defined to be the averaged velocity shear between the surface and bottom layers) from the prewind value of 1.8 Â 10 À2 s À1 to the maximum of 3.5 Â 10 À2 s
( Figure 3c ). This shear flow exports less saline water seaward and imports more saline water landward, producing a net influx of salt into the estuary and increasing stratification in the water column. When the bay is forced by the up-estuary wind, however, the wind-driven barotropic flow initially transports salt into the estuary while the subsequent sea level pileup at the bay's head drives a seaward flow and salt out of the estuary (Figure 3e ). Since the wind-driven current cancels or even reverses the gravitational flow (Figure 3g) , F E decreases and even becomes negative around the peak wind (À1.9 Â 10 4 kg s À1 , Figure 3f ) such that salt is removed from the estuary and vertical stratification is weakened. Therefore, the asymmetry in stratification reduction between the downestuary and up-estuary winds is closely related to the differences in the shear-dispersion salt flux F E . [18] To quantify the wind effects on the estuarine stratification, we select a control volume inside the main stem of Chesapeake Bay (the shaded area in Figure 1b ) and calculate the volume-averaged buoyancy frequency N 2 . N 2 is 2.5 Â 10 À3 rad 2 s À2 prior to the wind event. During the wind event (day 25 to 27.5), stratification decreases under both the upestuary and down-estuary winds (Figures 4e and 4f ) . We conduct several other runs with wind stress ranging from 0.01 to 0.15 Pa (Table 1) . In all the cases studied, the volume-averaged stratification decreases following both the down-estuary and up-estuary wind events and the stratification reduction is larger at higher winds (Figure 4 ). showed that stratification reduction occurs for down-estuary winds when W< $À1.8. , placing Chesapeake Bay to the mixingdominated regime under most wind-forcing conditions. The weak horizontal salinity gradient limits the advective buoyancy flux and hence its ability to create stratification during the down-estuary winds.
[19] Although the stratification decreases under both wind directions, it experiences larger reductions and takes longer to recover under the up-estuary winds than under the downestuary winds, as shown in Figure 4 . It is particularly interesting to note that the stratification takes 1-3 weeks to recover fully after the up-estuary wind event. In contrast, the stratification recovers shortly after the passage of the downestuary wind event. also noticed this long adjustment time after the up-estuary winds, but did not provide an explanation. Ignoring the effects of lateral flows, the stratification change in an estuary depends on the balance between the straining in the along-channel direction and turbulent mixing (see terms 4 and 7 in equation (4)). The shear ∂u/∂z at the end of the down-estuary wind is about 4 times of that at the end of the up-estuary wind (Figures 3c  and 3g ) while the averaged eddy diffusivity Ks is about 50% smaller (Figures 3d and 3h ). These differences in the shear and diffusivity will result in large differences in ∂N 2 /∂t. Moreover, the net reduction in N 2 at the end of the wind event is considerably larger for the up-estuary winds than for the down-estuary winds. All these differences contribute to the large asymmetry in the postwind stratification recovery times between the two wind directions. We also note that the salt flux due to shear dispersion takes longer to recover under the up-estuary wind than under the down-estuary wind (Figures 3b and 3f ).
Lateral Versus Longitudinal Straining on Stratification
[20] In Chesapeake Bay where the baroclinic Rossby radius (about 5 km) is smaller than or comparable to the width of the estuary (5-20 km), along-channel winds can drive lateral Ekman flows and isopycnal movements, generating upwelling/downwelling at shallow shoals [Malone et al., 1986; Sanford et al., 1990; Scully, 2010] . In this section, we investigate how the wind-driven lateral flows affect stratification in the estuary.
[21] First we compare current and salinity fields at a midbay cross section among three model runs: Run 18 (no wind forcing); Run 24 (down-estuary wind with the peak wind stress at 0.07Pa); and Run 32 (up-estuary wind with the same peak stress), all incorporating the rotational effects (see Table 1 and Figure 5 ). Without wind forcing, the brackish plume is deflected toward the western shore owing to the Coriolis force. In the cross-channel section, isopycnals slope downward on the western flank, with the seaward flow hugging the western shore and the landward flow confined to the deep channel (Figures 5d and 5e ). The lateral flows are weak (Figure 5d ) and the eddy diffusivity is low (Figure 5f ).
[22] When along-channel winds are applied over the bay's surface, they drive strong lateral flows with speeds reaching O(0.1) m s À1 . Under the down-estuary wind, the winddriven Ekman transport is directed westward and a counterclockwise circulation appears over deep channel and eastern shoal. The strong lateral salinity gradient drives an eastward flow on the western shoal. The isopycnals are steepened in the upper 5-10 m, featuring weak stratification and strong mixing (Figures 5a-5c ). The along-channel flow reveals a laterally sheared structure, with the downwind flow in the two shallow shoals and the upwind flow over the deep channel. This three-layer flow structure is consistent with the theoretical predictions of Csanady [1973] , Wong [1994] , and Winant [2004] for wind-driven barotropic flows over varying bottom bathymetry. The sense of the lateral circulation (clockwise) is reversed under the up-estuary wind forcing since the wind-driven Ekman transport is now directed eastward (Figure 5g ). The upwelling flows lift the isopycnals on the western side up from the depressed positions (Figure 5h) . Compared with the down-estuary wind case (Figure 5b) , the isopycnals appear to be more horizontal, and significant stratification is retained in the water column (Figure 5h ) while strong turbulent mixing is confined to a relatively shallow surface layer (Figure 5i ). The along-channel flow is primarily a vertically sheared twolayer flow. The stratification lessens the effects of bottom bathymetry on the flow structure. It is noted that the clockwise circulation generated during the up-estuary wind appears to be stronger than the counterclockwise circulation generated during the down-estuary wind.
[23] Wind-driven lateral flows affect the estuarine stratification not only by rearranging isopycnals in cross-channel sections but also by reducing the shear in the along-channel current and thus the effectiveness of the longitudinal wind straining of the density field. To illustrate this second effect, we plot the along-channel distributions of subtidal along- Figure 5 . Distributions of (a, d, g) along-channel current (contours) and cross-channel velocity vectors (arrows), (b, e, h) salinity, and (c, f, i) the logarithm of eddy diffusivity in a midbay section at the time of peak wind stress (day 26.25) for Run 24 (down-estuary wind), Run 18 (no wind), and Run 32 (up-estuary wind). The cross section is looking up-estuary, and negative flows pointing seaward are shaded in gray. The Coriolis force is included in these runs. channel current, salinity and eddy diffusivity for the rotational runs (Figure 6 ) and compare them with those from the nonrotational runs (Figure 2) . Although the down-estuary wind amplifies the two-layer circulation, the velocity shear is weaker in Run 24 than in Run 7 (compare Figure 6a with Figure 2a ). The Coriolis force acting on the westward lateral flow decelerates the downwind current in the surface layer while the Coriolis force acting the eastward lateral flow decelerates the upwind-directed current in the deep channel. Therefore, the shear in the along-channel current is weakened in the presence of rotational effects. Analysis of the along-channel momentum balance shows that the Coriolis acceleration fv is of an order of magnitude similar to that of the net driving force
(sum of pressure gradient and stress divergence) in each flow layer but has the opposite sign. Detailed analysis of the along-channel and cross-channel momentum equations as well as the streamwise vorticity equation will be presented in future paper. Similarly, the along-channel flow under the up-estuary wind (Run 32) does not feature a strong reversed two-layer circulation as seen in the nonrotating run (Run 15). It is weak over most of the along-channel section (compare Figures 6g  and 2g ). This weak shear is also due to the Coriolis force acting on the clockwise lateral flows. The along-channel salinity distribution also exhibits large differences between the rotational and nonrotational runs. Under the down-estuary wind, the isopycnals near surface are tilted vertically and strong turbulent mixing extends down to about 10 m depth (Figures 6b and 6c) . Under the up-estuary wind, however, significant stratification remains in the surface layer and strong turbulent mixing is limited to a shallower depth (Figures 6h and 6i ). In the absence of the rotational effects, however, the turbulent mixing in the surface layer is stronger under the up-estuary winds than under the down-estuary winds (see Figures 2c and 2i) .
[24] Next we calculate the salt flux through the midbay section, as shown in Figure 7 . The barotropic salt flux shows a reversal near the onset and termination of the wind event, as in the nonrotating runs. We focus our attention on the salt flux due to shear dispersion F E , which is directly related to the estuarine stratification. Similar to the nonrotating runs, F E recovers more quickly under the down-estuary wind than under the up-estuary wind. However, F E in the rotating runs is different from that in the nonrotating runs in three noticeable ways. First, the maximum deviations of F E from its prewind equilibrium are 1.45 Â 10 4 kg s À1 (down-estuary wind) and À3.44 Â 10 4 kg s À1 (up-estuary wind) in the rotational runs. They are weaker than 1.73 Â 10 4 kg s
À1
(down-estuary wind) and À3.62 Â 10 4 kg s À1 (up-estuary wind) in the nonrotating runs. Second, F E reaches its maximum/minimum value at 6 h later than in the nonrotating runs. Third, the salt flux due to shear dispersion remains weak for about 10 days after the passage of the up-estuary wind event, though it recovers to the prewind level shortly after the down-estuary wind event. As discussed earlier, the Coriolis force acting on the lateral flows weakens the shear in the along-channel flow (compare Figures 7c and 7g with Figures 3c and 3g) , resulting in weak salt flux and slow recovery of salt in the estuary. Finally, we note that the volume-averaged eddy diffusivity is larger in the downestuary wind case than in the up-estuary wind case during the wind-perturbation period (also see Figures 5c and 5i ), but the diffusivity is slightly stronger after the up-estuary wind than after the down-estuary wind (Figures 7d and 7h) .
[25] To quantify the effects of winds on the stratification in the bay, we calculate the volume-averaged N 2 for all rotating runs, as shown in Figure 8 . Compared with the time series for the nonrotating runs (Figure 4) , the stratification reduction during the wind event (day 25 to 27.5) is significantly weaker. Similar to the nonrotating runs, the stratification decreases under all the down-estuary winds. However, the stratification change is very different under the up-estuary winds. At moderate wind speeds, the lateral advection actually causes a brief increase of N 2 (Figures 8d Figure 6 . Along-channel distributions of (a, d, g) subtidal currents, (b, e, h) salinity, and (c, f, i) the logarithm of eddy diffusivity at the time of maximum wind stress for Run 24 (down-estuary wind), Run 18 (no wind), and Run 32 (up-estuary wind). The Coriolis force is switched on in those runs. The 14 psu isohalines are marked as thick lines.
and 8f). This stratification increase is caused by the flattening of isopycnals at the cross-channel sections at the beginning phase of the wind event. Further upwelling at the western shore will tilt the isopycnals toward the vertical direction and reduce the stratification (cf. Figure 5h) . At high up-estuary winds, strong upwelling associated with the clockwise lateral circulation and vertical titling will quickly lead to a reduction in stratification. Moreover, the longitudinal straining and strong wind mixing contribute to further stratification reduction (Figures 8f and 8h ). In the presence of rotational effects, the magnitude of stratification reduction is nearly the same between the down-estuary and up-estuary winds for wind stress at 0.07 and 0.15 Pa. This contrasts with the large stratification asymmetry found in the nonrotating runs (Figure 4 ). More significant difference between the down-estuary and up-estuary winds lies in the postwind stratification-recovery time. Under the down-estuary winds, N 2 recovers shortly after the passage of the wind. Under the up-estuary winds, however, the stratification recovery takes 1-3 weeks to complete.
[26] To understand how the estuarine stratification responds to the wind forcing, we conduct a diagnostic analysis of the stratification equation given by where terms 1-3 represent the advection terms, terms 4-6 represent the straining terms, and terms 7-9 represent the diffusion terms. Appendix A provides details on how to calculate these terms numerically in the ROMS model.
[27] We compare the magnitudes of the straining terms in the along-channel and cross-channel directions at the midbay section (Figure 9 ). The along-channel salinity gradient ∂S/∂x is estimated as the average value between 37.2°N and 38.9°N while the cross-channel salinity gradient ∂S/∂y is estimated as the average salinity difference between the western and eastern shore in the midbay section. The currents are detided through a 34 h low-pass filter and the vertical shears (∂u/∂z, ∂v/∂z) are calculated from the surfaceto-bottom velocity difference and then averaged over the cross section. Under the down-estuary wind, the alongchannel current shear is amplified (Figure 9a ) and acts on the longitudinal salinity gradient to create stratification (Figure 9c ). On the other hand, the counterclockwise lateral circulation steepens the isopycnals to reduce the stratification. Since ∂S/∂y is 3-5 times larger than ∂S/∂x, the lateral straining overcomes the longitudinal straining at this midbay section (Figure 9c ). The relative magnitudes of gb ∂u ∂z ∂s ∂x and gb ∂v ∂z ∂s ∂y change at different cross-channel sections, but they are always of the opposite signs. Under the up-estuary wind, the shear in the along-channel direction is reversed (Figure 9d ) such that its straining over the longitudinal salinity gradient causes a stratification reduction (Figure 9f ). The clockwise lateral circulation acting on the lateral salinity gradient initially opposes it by flattening the isopycnals in the cross-channel sections, causing a temporal rise in the stratification (Figure 9f ). Later on, however, upwelling and lifting of isopycnals on the western shore causes a reversal of the lateral salinity gradient (Figure 9e ). The straining of ∂S/∂y by the lateral circulation leads to the titling of isopycnals toward the vertical direction and a stratification reduction. Therefore, the lateral straining opposes the longitudinal straining to cause a temporal stratification increase in the first part of the wind event, but the lateral and longitudinal straining work together to destroy stratification in the later part of the wind event. This explains why the stratification decreases after the initial spike under the up-estuary winds (Figure 8) .
[28] The above analysis can be summarized in terms of the competition between along-channel and cross-channel straining. When forced by the down-estuary wind, the velocity shear in the along-channel direction is enhanced. The straining of this shear across the longitudinal salinity gradient leads to restratification since ∂u ∂z ∂S ∂x > 0. On the other hand, the counterclockwise secondary circulation steepens the isopycnals in the cross-channel sections, increases the lateral salinity gradient and reduces stratification since ∂v ∂z ∂S ∂y < 0. When forced by the up-estuary wind, the clockwise secondary circulation flattens the isopycnals, reduces the lateral baroclinic gradient and increases N 2 since ∂v ∂z ∂S ∂y > 0 , even though the wind straining in the along-channel direction acts to reduce the stratification ( ∂u ∂z ∂S ∂x < 0 ). Hence the wind-driven lateral flows offset the effects of the alongchannel straining. The only exception to this offsetting effect is found during the second half of up-estuary wind events when the along-channel and cross-channel straining may act together to reduce the stratification in the estuary.
[29] We have integrated equation (4) over the same control volume used to calculate the estuary-wide averaged stratification and compared the relative magnitudes of the advection, straining and turbulent diffusion terms, as shown in Figure 10 . Before the wind event, the stratification reaches quasi-equilibrium owing to the balance between the straining and turbulent diffusion. The introduction of wind forcing upsets this balance. At the beginning of the downestuary wind event, the lateral straining overcomes the longitudinal straining to cause a small drop in the total straining term. Subsequently, the wind-driven along-channel straining enhances the straining term. The advection term is an order of magnitude smaller than the straining term. The diffusion term reaches a maximum around the peak wind. The sum of straining, advection, and diffusion is equal to the temporal change of the volume-averaged N 2 , which is negative in the first half of the wind event but becomes positive during the second half. This explains the time series of N 2 which decreases in the first half of the down-estuary wind event but increases in the second half (Figures 8a, 8c, 8e, and 8g) . The diagnostics of the stratification equation (4) reveals more dramatic changes during the up-estuary winds. The total straining term is enhanced owing to the isopycnal flattening in the cross-channel sections in the first half of the wind event but is reduced owing to the along-channel straining in the second half. Again the advection term is much smaller than the straining term. The time tendency ∂N 2 /∂t is positive initially but turns negative later on. This explains the initial spike of N 2 and the subsequent drop in stratification under the up-estuary winds (Figures 8b, 8d , and 8f).
Regime Diagram
[30] The effects of along-channel and lateral straining on estuarine stratification can be summarized in a regime diagram based on dimensionless parameters. The effect of along-channel straining can be described by the Wedderburn number W [Monismith, 1986; Geyer, 1997; . The relative importance of the Earth's rotation can be described by Kelvin number Ke, which is also known as the ratio of the basin's width to internal Rossby radius [Garvine, 1995; Valle-Levinson, 2008] :
where f is the Coriolis parameter, B is the basin/estuary width, g′ is the reduced gravitational acceleration determined by the density difference between the surface and bottom layers, and h S is the mean depth of the surface layer. The rotational effect becomes important if Ke > 1. The nonrotating runs correspond to Ke = 0, while the rotating runs correspond to Ke = 4.26. Although the model bathymetry is specific to Chesapeake Bay, we change f by AE50% as a preliminary way to explore estuaries of different widths (Table 1) .
[31] To characterize changes in estuarine stratification during the wind-forcing period, we average the volumeaveraged buoyancy frequency over the entire duration of the wind event N 2 --and normalize it by its prewind value N 2 0 --. When the normalized stratification is below unity, the net wind effect is a decrease in the stratification, and vice versa. As shown in Figure 11a , the stratification always decreases at large values of |W|, indicating that strong wind mixing overcomes straining processes to reduce stratification. In the nonrotating cases (Ke = 0), the wind straining opposes/ conspires with wind mixing during down-estuary/up-estuary winds, as suggested by Scully et al. [2005] . Hence the stratification reduction during the down-estuary winds is smaller than that during the up-estuary winds of the same magnitude. In the presence of rotation, this stratificationreduction asymmetry is weakened. The lateral tilting offsets the along-channel straining to produce smaller stratification reduction under up-estuary winds. At moderate positive W values, the lateral straining overpowers the longitudinal straining to increase stratification. This effect is stronger at higher values of Ke (strongly rotating systems or wider estuaries). In comparison, the stratification reduction is relatively insensitive to Ke values under the down-estuary winds.
[32] As shown in Figures 4 and 8 , the wind effects are not limited to the period of active wind forcing but may persist well after the termination of the wind event. For example, one striking difference between the down-estuary and upestuary winds is the stratification recovery time after the passage of the wind event. Figure 11b summarizes the recovery time (defined as the time taken for N 2 to recover to 95% of its prewind value) as a function of Wedderburn number W at different values of Kelvin number Ke. There is a strong asymmetry in the postwind recovery time between the down-estuary and up-estuary winds under all values of Ke, although the asymmetry is somewhat weaker in the nonrotating case (Ke = 0). The stratification recovers quickly (less than 1 day) to the prewind values under all downestuary winds in the presence of the rotational effects. In contrast, it takes considerably longer for the stratification to recover under the up-estuary winds. The recovery time increases with Ke and is a rapidly increasing function of W for W < 2 but a slowly increasing function of W for W > 2. Another way to present the postwind effects is to calculate the average value of N 2 during the postwind recovery period, as shown in Figure 11c . Since the stratification takes much longer to recover under the up-estuary winds than the downestuary winds, the time-averaged stratification is weaker Figure 11 . (a) Stratification change during the wind perturbation, (b) stratification recovery time, and (c) mean stratification during the recovery stage as functions of Wedderburn (W) and Kelvin (Ke) numbers. Positive Wedderburn number corresponds to up-estuary wind. The stratification is averaged over the wind event in Figure 11a and over the recovery period in Figure 11c and then normalized against its prewind level, so that values below 1 indicate stratification reduction. The recovery time is defined as the time required for the volume-averaged stratification to resume 95% of its prewind level after the passage of the wind.
after the up-estuary winds than after the down-estuary winds.
Conclusions
[33] We have conducted process-oriented numerical experiments to investigate how the Chesapeake Bay estuary responds to down-estuary and up-estuary winds. In the absence of rotational effects, stratification in the estuary decreases following both down-estuary and up-estuary winds, but the stratification experiences larger reduction and takes longer to recover under up-estuary winds. In the presence of rotational effects, the down-estuary/up-estuary winds drive counterclockwise/clockwise lateral circulations which rearrange isopycnals in cross-channel sections and reduce shear in the along-channel currents. Therefore, the lateral straining weakens the effects of the longitudinal straining and reduces the asymmetry in stratification reduction between the down-estuary and up-estuary winds.
[34] Regime diagrams are constructed to summarize the wind effects on estuarine stratification and postwind recovery time in the nondimensional parameter space of Wedderburn (W) and Kelvin (Ke) numbers. For the downestuary winds (W < 0), the estuarine stratification decreases with increasing magnitude of |W| but is nearly independent of Ke. For the up-estuary winds (W > 0), the stratification decreases with increasing W but increases with Ke. The postwind stratification recovery time shows a strong asymmetry between the down-estuary (W < 0) and up-estuary (W > 0) winds. The stratification recovers quickly (less than 1 day) to the prewind values under all down-estuary winds, but it takes 1-3 weeks to recover under the up-estuary winds. The regime diagrams are based on the model results for Chesapeake Bay. Although the bay is a good example of a partially mixed estuary, it is somewhat special since it receives freshwater inputs from western tributaries, in addition to that from the Susquehanna River at its northern end. Nevertheless, the regime diagrams could provide a starting point to assess the relative importance of lateral versus longitudinal straining in different types of wind-forced estuaries, such as Long Island Sound, York River, and Albemarle and Pamlico Sound.
[35] We have examined the sensitivity of model results to turbulence closure schemes and conducted parallel numerical experiments using the KPP model. The model results are quantitatively similar to those based on the k-kl turbulence model. Our previous model simulations [Li et al., 2005 [Li et al., , 2007 ] also found such insensitivity to different turbulence parameterization schemes.
[36] For the future work, we plan to conduct model simulations using idealized but more generic estuarinechannel geometry (such as those used by , , and Lerczak and Geyer [2004] ) and examine if the regime diagrams are sensitive to details in the estuarine bathymetry. Further work is also needed to relate these idealized mechanistic studies to field observations of the estuarine response to wind events. In wide estuaries such as Chesapeake Bay, our modeling investigations demonstrate that the rotational effects are important and a full understanding of the estuarine response to the wind forcing requires the documentation of the threedimensional flow and density fields.
[39] In the ROMS model, which uses a terrain-following vertical coordinate, the form of the stratification equation used for the diagnostic analysis is given by
